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a b s t r a c t
Lgl1 was initially identiﬁed as a tumour suppressor in ﬂies and is characterised as a key regulator of
epithelial polarity and asymmetric cell division. A previous study indicated that More-Cre-mediated Lgl1
knockout mice exhibited signiﬁcant brain dysplasia and died within 24 h after birth. To overcome early
neonatal lethality, we generated Lgl1 conditional knockout mice mediated by Pax2-Cre, which is expressed in
almost all cells in the cerebellum, and we examined the functions of Lgl1 in the cerebellum. Impaired motor
coordination was detected in the mutant mice. Consistent with this abnormal behaviour, homozygous mice
possessed a smaller cerebellum with fewer lobes, reduced granule precursor cell (GPC) proliferation,
decreased Purkinje cell (PC) quantity and dendritic dysplasia. Loss of Lgl1 in the cerebellum led to
hyperproliferation and impaired differentiation of neural progenitors in ventricular zone. Based on the
TUNEL assay, we observed increased apoptosis in the cerebellum of mutant mice. We proposed that
impaired differentiation and increased apoptosis may contribute to decreased PC quantity. To clarify the
effect of Lgl1 on cerebellar granule cells, we used Math1-Cre to speciﬁcally delete Lgl1 in granule cells.
Interestingly, the Lgl1-Math1 conditional knockout mice exhibited normal proliferation of GPCs and
cerebellar development. Thus, we speculated that the reduction in the proliferation of GPCs in Lgl1-Pax2
conditional knockout mice may be secondary to the decreased number of PCs, which secrete the mitogenic
factor Sonic hedgehog to regulate GPC proliferation. Taken together, these ﬁndings suggest that Lgl1 plays a
key role in cerebellar development and folia formation by regulating the development of PCs.
& 2014 Published by Elsevier Inc.
Introduction
Cerebellar development is a systematic process that produces a
layered structure of cerebellar cortex containing granule cells,
Purkinje cells (PCs), and cerebellar interneurons. This developmental
process and these well-deﬁned cells in the cerebellum provide a
highly suitable model to study the CNS. Determining the molecular
mechanisms of cerebellar development remains one of the great
challenges of developmental neurobiology (Altman and Bayer, 1997).
Using genetically modiﬁed mice, multiple genes have been reported
to control cerebellar development (Aruga et al., 1998, 2002;
Nishihara et al., 2003; He et al., 2006) The Lethal giant larvae (Lgl)
protein of Drosophila (D-Lgl) was originally suggested to be a
tumour suppressor (Bilder and Perrimon, 2000; Gateff, 1978). It is
involved in epithelial polarity, asymmetric cell division and cell
migration (Hutterer et al., 2004; Ohshiro et al., 2000; Peng et al.,
2000). The Drosophila lacking D-Lgl1 developed spectacular over-
growth of the brain and the imaginal discs (Lee et al., 2006).
Neuroblasts generated multiple daughter neuroblasts in D-Lgl
mutants. Therefore, D-Lgl1 qualiﬁes as a neoplastic tumour suppres-
sor gene, a role shared by two other Drosophila genes, lethal discs-
large (dlg) and scribble (scrib). D-Lgl, dlg and scrib act in a common
process to generate intrinsic differences between daughter cells by
establishing and maintaining the basolateral membrane domain and
targeting the basal protein in mitotic neuroblasts (Bilder and
Perrimon, 2000; Ohshiro et al., 2000; Peng et al., 2000; Albertson
and Doe, 2003; Betschinger et al., 2003). Dlg participates in this
process by regulating the localisation of D-Lgl. Lgl1 associates with
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Dishevelled (Dollar et al., 2005), an essential mediator of Wnt
signalling, and Dishevelled regulates the localisation of Lgl in the
Xenopus ectoderm and the Drosophila follicular epithelium
(Tanentzapf and Tepass, 2003).
In mammals, there are two genes with homology to D-Lgl: Lgl1,
which is expressed extensively, with the highest levels in the
developing brain and spinal cord in mice, and Lgl2, which exhibits
a tissue-speciﬁc expression pattern that is rich in kidney, liver and
stomach (Klezovitch et al., 2004). Klezovitch et al. (2004) gener-
ated Lgl1 knockout mice by breeding Lgl1(Flox/Flox) mice with
More-Cre transgenic mice, in which Cre is expressed in epiblast
cells at E5.5 (Tallquist and Soriano, 2000). Because of the broad
and early stage of Cre expression in this model, Lgl1 knockout mice
survived to birth, but died within 24 h after birth. Lgl1 null mice
exhibited severe hydrocephalus, dilation of the striatum, expan-
sion of the ventricles, serious damage to the ventricular zone cells
and so on. Many neural progenitors in the mutants continued
dividing without differentiating, exhibiting a phenotype that is
remarkably similar to cancer in humans.
Although Lgl1 is highly expressed in brain and is known to be
essential for brain development in mammals, there has yet to be
any detailed investigation of the role of Lgl1 in the cerebellum to
date. In our study, we have conditionally ablated the Lgl1 gene in
the cerebellum by crossing Lgl1(Flox/Flox) mice with Pax2-Cre
(Ohyama and Groves, 2004) orMath1-Cre transgenic mice (Yang et
al., 2010). Our approach allowed us to analyse the effects of the
Lgl1 deletion on cerebellar development.
Experimental methods
Mutant mice
The following mouse lines were used and genotyped as described
previously: Lgl1(Flox/ Flox) (Klezovitch et al., 2004), Pax2-Cre
(Ohyama and Groves, 2004) and Math1-Cre (Yang et al., 2010). All
animals possessed the C57BL/6J and 129/Sv hybrid background. The
day that vaginal plugs were detected was considered as embryonic
day 0.5 (E0.5). The day of birth was deﬁned as postnatal day 0 (P0).
All experiments were performed in accordance with the standards of
the Shandong University Ethics Committee.
Histology and immunohistochemistry
To generate typical parafﬁn sections, mouse tissues or embryos
were ﬁxed in 4% paraformaldehyde at 4 1C overnight and dehy-
drated via an ethanol series. The tissues were embedded with the
proper orientation in parafﬁn, sectioned at 10 μm thickness and
stained using haematoxylin and eosin (H&E) for microscopic
analysis. For frozen sections, tissues were ﬁxed in 4% paraformal-
dehyde at 4 1C for 3–4 h and inﬁltrated with 30% sucrose (in PBS)
at 4 1C overnight. Tissues were embedded in OCT compound and
frozen using isopentane cooled by liquid nitrogen. Then, the tissue
blocks were stored at 40 1C and sectioned at 10 μm.
For immunostaining, immunoﬂuorescence assay was per-
formed using standard staining procedures with the following
primary antibodies: polyclonal rabbit anti-Hugl-1 (Santa Cruz,
Heidelberg, Germany, 1:50); monoclonal mouse anti-BrdU (Sigma,
HK, 1:300); polyclonal rabbit anti-Calbindin D28k (Abcam, HK,
1:1000); monoclonal mouse anti-Nestin (Chemicon, Temecula, CA,
1:200); monoclonal rabbit anti-Tuj1 (Epitomics, Burlingame, CA,
1:200); polyclonal rabbit anti-PCNA (Abcam, San Francisco, CA,
1:200); monoclonal rabbit anti-PH3 (Bioworld, Nanjing, China,
1:200); polyclonal rabbit anti-GFAP (CST, Danvers, MA, 1:50);
anti-Pax6 (Proteintech, Wuhan, China, 1:200); anti-Tbr1
(Abcam, HK, 1:200).
For immunoﬂuorescence, the secondary antibodies consisted of
Alexa Fluor 593/488-labelled goat anti-mouse (Invitrogen, Carls-
bad, CA, 1:300) and Alexa Fluor 593/488-labelled goat anti-rabbit
IgG (Invitrogen, Carlsbad, CA, 1:300).
Rotarod
The apparatus used for the rotarod test consisted of a gridded
plastic roller (3-cm diameter, 5.5-cm long) that was ﬂanked by two
round plates (30-cm diameter) to prevent the animals from
escaping. The roller was driven at 10 rpm. Mice at P21 were placed
onto a rod of 87 mm in diameter, and the rod was rotated at
10 rpm. Ten trials per day were performed for 5 consecutive days.
The maximum time allowed on the rotarod was 300 s.
Cell proliferation and apoptosis assay
Pregnant mice were injected with BrdU (sigma) at 100 ug/g
body weight. Embryos were ﬁxed with 4% paraformaldehyde,
embedded in OCT and sectioned at 10 μm. BrdU detection was
performed according to the manufacturer's manual (Sigma).
Apoptosis was examined via the TUNEL assay using an in situ cell
death detection kit (Roche) with a modiﬁed protocol based on
manufacturer's instructions.
Western blot analysis
Cerebellar proteins were incubated in cell lysis buffer (10 mM
Tris, pH¼7.4, 1% Triton X-100, 150 mM NaCl, 1 mM EDTA, 0.2 mM
PMSF) and extracted using a homogeniser. The proteins from the
samples (50 μg) were subjected to SDS-polyacrylamide gel elec-
trophoresis and blotted onto a polyvinylidene diﬂuoride (PVDF)
membrane. The primary antibodies used were monoclonal rabbit
anti-Mash1 (Bioworld, Nanjing, China, 1:200), polyclonal rabbit
anti-GFAP (CST, Danvers, MA, 1:1000) and polyclonal mouse anti-
GAPDH (Millipore, Billerica, MA, 1:2000). Subsequently, the mem-
brane was incubated for 1 h at room temperature with the
appropriate secondary antibodies bound to horseradish peroxi-
dase. Finally, the immunoreactive bands were visualised using ECL
detection reagents. Data were provided as the mean7standard
deviation (SD) and were analysed via Student's t-test.
Quantitative real time RT-PCR
Cerebellar primordium from E13.5 embryos was dissected and
stored in RNA later solution until use. DNA-free RNA was reverse
transcribed using Superscript-II reverse transcriptase (Invitrogen)
according to the manufacturer's instructions using the universal
OligodT primer. Quantitative real time PCR was performed using
the SYBR Green method. The following PCR primer sets were used
for expression analysis: Hes5-F: GCAGAGTTGTCATTTGGG; Hes5-R:
TTAAGGATCATCGTGGA. Quantiﬁcation was performed relative to
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA.
Result
Lgl1 expression pattern in embryonic, postnatal and adult stages in
the cerebellum
To determine the expression of Lgl1 in the cerebellum, we
performed immunoﬂuorescence using an antibody that speciﬁ-
cally recognised amino acids 935-1036 at the C-terminus of Lgl1
on midsagittal cerebellar sections from wild-type mice at various
embryonic and postnatal stages (Fig. 1). We examined several time
points of cerebellar development and found that Lgl1 protein was
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abundantly expressed in the cerebellum. Lgl1 was detected
throughout the cerebellum and was highly expressed in the
external granule cell layer (EGL; arrowheads in Fig. 1A) and the
ventral ventricular zone (arrows in Fig. 1A) at embryonic day 14.5
(E14.5). Results of double labelling with Lgl1 and granule cell
marker Pax6 (Engelkamp et al., 1999) conﬁrmed that Lgl1 was
expressed in the EGL (Fig. 1D). Furthermore, Lgl1 was expressed in
the transitory zone of DCN (Fig. 1E) upon double staining with Lgl1
and deep cerebellar nuclei (DCN) marker Tbr1 (Fink et al., 2006).
The Lgl1 protein was highly expressed in the Purkinje cell layer
(PCL), the molecular layer (ML) and the white matter ﬁbre tracts in
the cerebellum of P11 mice. The levels of Lgl1 immunoreactivity in
granule cells of the external granule cell layer (EGL) and the
internal granule cell layer (IGL) were low. At 1 month, Lgl1 was
highly expressed in PC dendrites and scattered among cells within
the IGL, while it was barely detectable in the white matter ﬁbre
tracts. The result from double labelling with Lgl1 and the glial cell
marker GFAP on the sections of the P10 cerebellum indicated that
Lgl1 was only expressed in Bergmann glia in the Purkinje cell layer
(arrowheads in Fig. 1F), and white matter glia (arrows in Fig. 1F).
Lgl1 was highly expressed in the cerebellar PCs upon double
staining with Lgl1 and PC marker Calbindin D28k (Fig. 1G).
Targeted inactivation of Lgl1 in the cerebellum via Pax2-Cre
transgenic mutation in mice
To study the role of Lgl1 in the cerebellar development, we
crossed Lgl1(Flox/Flox) mice with Pax2-Cre transgenic mice to
speciﬁcally remove Lgl1 from the cerebellum. Exon 2 of Lgl1,
ﬂanked by LoxP sites, was removed via Cre expression. The results
of immunoﬂuorescence staining demonstrated that Lgl1 was
completely ablated in the cerebellum of Lgl1-Pax2 cko mice
(Fig. 2B). The genotypes of the pups were determined via PCR
analysis (Fig. 2C). The homozygous mice were viable and fertile,
but their body weight decreased approximately 33% compared to
wild type mice at two weeks (Fig. 2D).
Abnormal cerebellar development in Lgl1-deﬁcient cerebellum
Cerebellar anlage occurs between embryonic 9.5 (E9.5) and
E11.5 (Chizhikov and Millen, 2003). To determine early cerebellar
development was altered in Lgl1-Pax2 cko mice, we examined
histological sections of the E9.5 cerebellar anlage (Fig. 3A and B).
The H&E-stained midsagittal sections exhibited defects in mutant
cerebellar anlage (Fig. 3B). The cells at the ventricle interface of
ventricular zone were polarised in the wild-type cerebellar anlage
(arrows in Fig. 3C). These cells exhibited a noticeable eosinophilic
apical membrane domain. Some groups of cells had no visible
apical membrane domain in the mutant cerebellar anlage (arrows
in Fig. 3D). These cells lost polarity and became nonporlarized
cells.
To determine whether postnatal cerebellar development was
also altered in Lgl1-Pax2 cko mice, we examined whole mounts
and histological sections of the cerebellum. The gross cerebellar
morphology of Lgl1-Pax2 cko mice was abnormal, with a smaller
volume and an underdeveloped vermis from birth to adulthood.
H&E-stained midsagittal sections displayed clearer defects in the
cerebellar vermis of mutant mouse cerebellum. At birth (P0), the
cardinal lobes already emerged in the cerebellum of wild-type
mice (Fig. 3F and G), while shallow and fewer ﬁssures were found
in the cerebellum of Pax2-Cre cko mice (Fig. 3I and J). At P7, these
ﬁssures became deeper, and additional ﬁssures successively
divided the cardinal lobes into lobules in the cerebellum of wild-
type mice (Fig. 3L and M). Nearly incomplete posterior lobes and
shallow ﬁssures in the anterior lobes were detected in midsagittal
cerebellar sections of Lgl1-Pax2 cko mice (Fig. 3O and P). At P29,
Fig. 1. Localisation of Lgl1 protein during development of the cerebellum. (A) Lgl1 was predominantly expressed in the EGL (arrowheads) and the ventral ventricular zone
(arrows) at E14.5. (B) At P11, Lgl1 was highly expressed in PC dendrites (white arrowheads) throughout the ML. The white matter tracts of the cerebellum were also rich in
Lgl1 protein (red arrows). (C) The expression of Lgl1 remained high in PC dendrites (white arrowheads) upon adulthood; no staining was detected in the white matter (red
arrows). (D) Lgl1 (green) and Pax6 (red). Lgl1 was expressed in the EGL (arrows). (E) Lgl1 (green) and Tbr1 (red). Lgl1 was also expressed in the transitory zone of the deep
cerebellar nuclei (arrows). (F) Lgl1 (green) and GFAP (red). Lgl1 was highly expressed in white matter glia (arrows) and Bergmann glia in the Purkinje cell layer (arrowheads).
(G) Lgl1 (green) and Calbindin D28k (red). Lgl1 was highly expressed in the PCs. Scale bar represents 100 μm.
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the vermis were fully developed with well-deﬁned lobes in wild
type mice (Fig. 3R and S), while the size of vermis was smaller and
lobe VIII was missing in mutant mice (Fig. 3U and V). Some
extreme cases of more severe phenotype were observed in less
than 10% mutant mice (Supplemental 1A). In addition, the cere-
bellar hemispheres of mutant mice also looked abnormal in the
whole mounts. H&E-stained sections showed clearer defects in the
cerebellar hemispheres of mutant mice (Supplemental 1B and C).
Lgl1-pax2 cko mice exhibit motor coordination impairment
To assess the cerebellar function of Lgl1-Pax2 cko mice, we
tested their coordinated motor performance on a rotarod tread-
mill. The wild-type mice quickly learned to balance themselves on
the rod. On the other hand, the retention time of the mutant mice
was much shorter than that of the wild-type mice, although a
slight improvement over time was observed (Fig. 4).
Hyperproliferation, impaired differentiation and increased apoptosis
of neural progenitors in the cerebellum of Lgl1-Pax2 cko embryos
Immunoﬂuorescence assay was performed on sections of the
cerebellar primordium to evaluate the status of neural progenitors
using an antibody against Nestin, a marker of neural progenitors
(Fig. 5). Nestin staining was much stronger in the cerebellar
primordium of mutant embryos compared to wild-type embryos
at E13.5. Similar results were obtained at E12.5 and E14.5 for
Nestin (data not shown). In the cortex of mutant cerebellum, there
were some Nestin positive cells clustered together (arrows in
Fig. 5Bd). In each of these clusters, the Nestin positive cells were
projecting from a centre to all directions (Fig. 5Bh). We called
these structures rosettes-like structure. The rosettes-like struc-
tures were unique and abnormal in mutant. There were no this
kind of structures in wild-type cerebellar primordium. Only few
clusters in wild-type cerebellum were shown (Fig. 5Ba), but they
were different from rosettes-like structures. Nestin-positive cells
were positioned in an orderly manner within the cerebellar
primordium of wild-type embryos (Fig. 5Bg).
In addition, we used an antibody against Tuj1, a marker of
neuronal cells, to examine whether early differentiation was
altered due to the lack of Lgl1. Tuj1 staining in mutants was
signiﬁcantly weaker (arrows in Fig. 5Cd) compared to wild-type
(Fig. 5Ca) at E13.5. Some Tuj1-positive cells were misplaced at the
apical surface of the ventricular zone in the cerebellar primordium
of mutant embryos (arrowheads in Fig. 5Cf), while Tuj1-positive
neurons were situated throughout the cerebellar primordium
except for the apical surface of ventricular zone in the wild-type
embryos. This result could be attributed to the several Nestinþ
clusters that were localised in the cortex of mutant cerebellum.
The Tuj1þ cells, which were differentiated from progenitors,
failed to thrive in the cortex; another possible cause for the
improper localisation of the Tuj1-positive cells at the apical sur-
face was the deletion of LGL1, which disorganised the structure of
the mutant cerebellum. The result from double labelling of Tuj1
and Ki67 (Supplemental 2A) conﬁrmed that Tuj1 positive cells
were differentiated from progenitors. To determine the presence
of some of these cells in the EGL of mutants, we double labelled
the cerebellar sections with Tuj1 and Pax6, a marker of granule
cells. The ﬁndings from the double labelling conﬁrmed the
localisation of some Tuj1 positive cells at the EGL (Supplemental
2B). Quantitative analysis (six wild-type and six mutants) of the
relative ﬂuorescence intensities also conﬁrmed an increased level
of Nestin (Fig. 5D) and a decreased level of Tuj1 (Fig. 5E) in mutant
embryos, which implied an increased number of neural progenitor
cells and a decreased number of differentiated neurons in the
mutant embryonic cerebellum.
To investigate whether Lgl1 deletion affected proliferation of
neural progenitors, we labelled mitotic cells by immunostaining
using an anti-PH3 antibody. An increased number of mitotic cells
in the cerebellar primordium of mutant embryos were detected
compared to wild-type embryos. The mitotic cells were found to
be close to the ventricular zone and displayed a prominent apical
Fig. 2. Generation of Lgl1 conditional knockout mice mediated by Pax2-Cre transgenic mutation. Immunoﬂuorescence staining was performed on sagittal frozen sections of
the vermis of P9 wild-type and mutant cerebellum using an anti-Lgl1 antibody. Nuclear marker DAPI was used for counterstaining (blue). (A) Lgl1 was highly expressed in
Purkinje cell dendrites and white matter in the cerebellum of wild-type mice. (B) Lgl1 was efﬁciently deleted in the cerebellum of mutant mice. (C) Genotyping of Lgl1-Pax2
cko mice via PCR. Lanes: heterozygous (Flox/þ), homozygous (Flox/Flox) and wild-type (þ/þ) mice. (D) The difference in body size between wild-type and mutant two
2-week-old male littermates. The genotypes are indicated. EGL, external granular layer; IGL, inner granular layer; PCL, PC layer; ML, molecular layer. Scale bars in C and D
represent 50 μm.
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membrane domain facing the ventricular zone of the cerebellar
primordium in wild-type embryos (white arrows in Fig. 6C).
However, the PH3-positive cells were dispersed throughout the
cerebellar primoridium of Lgl1-Pax2 cko embryos (red arrowheads
in Fig. 6D). These cells mentioned above were neural progenitors,
which were improperly localised from the neuroepithelium of
ventricular zone to the cortex. These neural progenitors could be
engulfed by protruding nonpolarized cells that fold back on
themselves and become internalised to form some ectopic cells
in the cortex (Gänzler-Odenthal and Redies, 1998).
Because accumulation of neural progenitor cells and an
increased number of mitotic cells were found in the cerebellar
primordium of mutant embryos, it was necessary to determine if
these phenotypes were caused by increased mitotic rates and/or
delayed differentiation. To examine whether the loss of Lgl1 in
mutant animals resulted in shortening of the progenitor cell cycle,
we performed BrdU labelling (Fig. 6F and I) after a 30-min pulsed
BrdU injection. We labelled the neural progenitor cells using the
anti-PCNA antibody (Fig. 6G and J). The cell mitotic rate was
estimated based on the proportion of precursor cells that could be
labelled by a 30-min pulse of BrdU (Fig. 6H and K). Examination of
six cerebella (three wild-type and three mutant cerebella)
revealed that the mutant neural precursors divided normally
compared to wild-type precursors (Fig. 6R).
To determine whether loss of Lgl1 caused neural progenitor cells
to re-enter the cell cycle rather than differentiating or remaining
dormant, we double-stained embryonic cerebellar sections with anti-
BrdU (Fig. 6L and O) and anti-PCNA antibodies (Fig. 6M and P) 24 h
after a single pulse of BrdU injected at E13.5 (Chenn and Walsh,
2002). PCNA and BrdU double-labelled progenitor cells lined the
ventricular zone of the cerebellar primordium in wild-type embryos
(Fig. 6N). However, not only the areas around the ventricular zone
but also the inner layer of the cerebellar primodium was labelled by
PCNA and BrdU in the mutant embryos (Fig. 6Q). The progenies of
BrdU-labelled progenitor cells that had differentiated or remained
dormant were labelled only by the BrdU antibody and not the PCNA
antibody (arrows in Fig. 6N). Exit from the cell cycle was estimated as
the ratio between the BrdU-positive/PCNA-negative cells and all
BrdU-positive cells. We found a twofold decrease in the proportion
of mutant precursors that withdrew from the cell cycle compared to
wild-type neural precursors (Fig. 6S). Taken together, these studies
indicate that loss of Lgl1 leads the neural progenitors to continue to
proliferate instead of differentiation, which caused the accumulation
and impaired differentiation of neural progenitors in mutant
embryos.
To determine whether loss of Lgl1 led to changes in apoptosis,
we performed TUNEL staining on sections of the embryonic
Fig. 3. Abnormal development of the cerebellum in mutant mice lacking Lgl1. (A–D) Histologic appearance of cerebellar anlage from control (A, C) and mutant (B, D) E9.5
embryos. The areas in the squares in A and B are shown at higher magniﬁcation in C and D, respectively. The arrows in D indicated groups of nonpolar cells that protruded on
the surface of the ventricular zone. Dorsal view of the cerebellum in wild-type mice (E, K, Q) and Lgl1-Pax2 cko mice (H, N, T). Histological sections of the cerebellar vermis of
wild type (F, G, L, M, R, S) and mutant (I, J, O, P, U, V) mice. Anterior to the left. The areas in the squares in F, I, L, O, R, U are shown at higher magniﬁcation in G, J, M, P, S, V,
respectively. At P0, there were six lobes in the wild type cerebellumwith a darkly stained EGL (white arrows) and PCs (white arrowheads) organised into a multicellular layer
(G). At P0, the cerebellum of Lgl1-Pax2 cko mice possessed three lobules and shallow ﬁssures (white arrows in I and J). At P7, the cerebellum of wild-type mice exhibited
well-deﬁned lobules (L). In the cerebellum of P7 Lgl1-Pax2 cko mice, several ﬁssures forming caudal lobules were not completely developed (black arrows in O). In adult
wild-type mice, the cerebellum fully developed with well-deﬁned lobules (R, S). The cerebellum of adult Lgl1-Pax2 cko is smaller with reduced lobules, and the length of each
lobule was much shorter than in the wild-type cerebellum (U, V). Scale bar represents 200 μm (L, O, R, U), 100 μm (A, B, F, I) or 50 μm (G, J, M, P, S, V) or 25μm (C, D).
Fig. 4. The rotarod task. Assessments were performed for 5 consecutive days using
a rotarod treadmill. Retention time on the rotating rod at 10 rpm was counted.
Mutant mice exhibited impaired motor coordination compared to wild-type mice.
Asterisk: signiﬁcant (Po0.05) difference between wild-type and mutant mice;
n¼18 for each group.
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Fig. 5. Abnormal expression of Nestin and Tuj1 in mutant cerebellum. The HE- stained section of the wild-type (Aa) and mutant (Ab) cerebellar anlage at E13.5. Anterior to the left.
The areas in the dotted lines represented the cerebellar anlage. Abbreviations: CB, cerebellum; MB, midbrain; 4V, the 4th ventricle; VZ, ventricular zone. Immunoﬂuorescence staining
was performed on frozen embedded sagittal sections of the cerebellar primordium at E13.5 using anti-Nestin and anti-Tuj1 antibodies. B and C correspond to the highly magniﬁed
sections of areas in dotted lines in A. Propidium iodide (PI, red) was used to counterstain nuclei (Bb, Be, Cb, Ce). (B) Immunostaining of the anti-Nestin antibody revealed an abnormal
expression pattern in the frozen sections of the cerebellar primordium at E13.5 of mutant mice (Bd) compared to control mice (Ba). The areas in the squares in Bc and Bewere shown at
higher magniﬁcation in Bh and Bg, respectively. White arrows in Ad indicated that clusters of neural progenitors resemblingmany rosettes-like structures accumulated in the cerebellar
primordium of mutant embryos. The Nestin positive cells in this structure were projected all directions (Bh), while the neural progenitors extended from the apical surface of the
ventricular zone to the pial surface in wild type embryos (Bg). (C) Immunoﬂuorescence staining of the neuronal marker Tuj1 (green) revealed much fewer differentiated neurons
(white arrows in Cd) in the mutant cerebellum. Additionally, some ectopic differentiated neurons appeared in the apical surface of the ventricular zone (white arrowheads in Cf). (D, E)
Quantitative analysis of relative ﬂuorescence intensity revealed an increased level of Nestin and a decreased level of Tuj1 expression in Lgl1-Pax2 cko mice (n¼6) compared to wild-
type mice (n¼6). Error bars indicate SEM. nPo0.05; nnPo0.01. Scale bar represents 100 μm.
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Fig. 6. Aberrant proliferation of neural progenitors in the cerebellar primordium of E14.5 Lgl1-Pax2 cko embryos. (A, B) HE staining sections of wild-type (A) and mutant (B) cerebellar
anlage at E14.5. Anterior to the left. The areas in the dotted lines corresponded to the cerebellar anlage. C and D correspond to the highly magniﬁed sections of areas in dotted lines in A
and B. Abbreviations: CB, cerebellum;MB, midbrain; 4V, the 4th ventricle; VZ, ventricular zone. (C, D) Immunostaining of sagittal sections of the wild-type cerebellar primordium using
the PH3 antibody revealed an increased number of mitotic cells in Lgl1-Pax2 cko embryos. Mitotic cells were restricted to the apical face in wild-type embryos (white arrows in C). By
contrast, there were many more ectopic mitotic cells distributed throughout the cerebellar cortex in mutant embryos. DAPI-positive cells in the cortex comprised some differentiated
and ectopic progenitor cells (red arrowheads in D). (E) Quantiﬁcation of the experiments shown in C and D. Mitotic index was determined based on the percentage of mitotic cells
(PH3) in ventricular zone relative to the total number of cells. (F–K) Frozen sections (10 μm) of the cerebellar primordium at E14.5 were labelled using the BrdU (green, F and I)
antibody and the proliferating cell nuclear marker PCNA (red, G and J) antibody via immunoﬂuorescence staining 30 min after BrdU injection. There was no difference in the length of
the cell cycle between wild-type (H) and mutant cerebellar primordium (K). (L–Q) Immunoﬂuorescence staining of BrdU (green) and cell cycle marker PCNA (red) in frozen sections
(10 μm) of the embryonic cerebellar primordium at E14.5 24 h after BrdU injection of pregnant mice at E13.5. Cells labelled with both BrdU and PCNA (yellow) remained in the cell
cycle, while cells labelled with BrdU but not PCNA exited from cell cycle. More cells remained in the cell cycle in mutant (Q) than in wild type embryos (N). (R) Quantiﬁcation of the
experiments shown in H and K. The percentage of progenitor cells (PCNA, red) labelled by BrdU (green) was not altered in mutant mice after 30-min pulse labelling of BrdU.
(S) Quantiﬁcation of the experiments shown in N and Q. Cell cycle exit was quantiﬁed as the ratio of the cells labelled with BrdU but not PCNA to all BrdU-positive cells 24 h after BrdU
labelling. Approximately three times as many wild-type precursors exited from the cell cycle compared to mutant precursors. Scale bar represents 100 μm.
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cerebellum at E14.5. Besides, the apoptosis of E12.5 and E15.5 in
mutant cerebellum also showed similar result (data not shown).
Most of the apoptotic cells in the mutants were localised to the
area of the cluster structures, which were locations that were rich
in neural progenitors. We detected more TUNEL-positive cells in
the mutant cerebellum than in the wild-type cerebellum (Fig. 7).
In conclusion, the TUNEL result indicates that increased cell death
in the embryonic cerebellum may contribute to the loss of mature
neurons in the postnatal and adult mutant animals.
Lgl1 is required for development of PCs
We investigated whether there were consequences of Lgl1
deletion on the development and morphology of PCs. Immuno-
ﬂuorescence assay was performed using an antibody against the
Calbindin D28k to identify PCs (Christakos et al., 1987). At P9, there
was a clear reduction in the extent of lobule formation in the
cerebellum of mutant mice (Fig. 8Ab) compared to wild-type mice
(Fig. 8Aa). We measured the length of the PC layer in 10
consecutive 10 mm midsagittal sections and found that the length
of the individual lobules was signiﬁcantly reduced in the mutants.
Because the PCs in the cerebellum of mutants were arranged as
one layer and the PC density was similar to the control mice, the
total number of PCs was also signiﬁcantly reduced in the mutants.
Furthermore, stunted dendritic arborisation and weak staining in
the white matter were observed in the mutant cerebellum
(Fig. 8Ae) compared to wild-type cerebellum (Fig. 8Ad). The length
of the dendrites was measured, and an approximately 40.3%
(Po0.01, n¼3) decrease was found in Lgl1-Pax2 cko mice com-
pared to wild-type littermates (Fig. 8Af). The immature Purkinje
cell dendrites in mutant cerebellum at P9 could be expected to
give the less mature and smaller cerebellum.
To examine whether the loss of Lgl1 altered the development of
embryonic PCs, we analysed the expression of Calbindin D28k and
the early PC marker FOXP2 (Fujita and Suqihara, 2012) on the
sections of the cerebellar primordium at E14 (Fig. 8Ba, Bb, Bd and
Be). There were many fewer and disorganised PCs in the cerebellar
primordium of mutant embryos (Fig. 8Bd and Be) than in wild type
embryos (Fig. 8Ba and Bb). The disorganised PCs in the mutant
cerebellum implied the abnormal migration of PCs, which could
result in the loss of PCs. We quantiﬁed the PC number in ﬁve
consecutive midsagittal sections; this number signiﬁcantly
decreased in the mutants (Fig. 8Bg). The development of PCs in
cerebellar primordium at E16 was also examined (Fig. 8Bc and Bf)
by immunoﬂuorescence with Calbindin D28k (red), and there
were still fewer PCs in mutant than wild type. However, the
reduction of the PC number in the mutant embryos at E16 was
smaller than that at E14. These results suggested that the
decreased number of PCs caused by Lgl1 deletion began at the
embryonic phase.
PCs arose from the ventricular zone between the 10th and 13th
days of gestation (E10–E13) and differentiated from neural pro-
genitors. PC differentiation would occur when the putative PC
precursors accumulated a certain level of the proneural gene
Mash1 (Guillemot and Joyner, 1993). We performed Western blot
to analyse the expression of Mash1 at E13.5 (Fig. 8C). Western blot
revealed decreased expression of Mash1 in the mutants compared
to wild-type mice. Previous studies have indicated that the Notch
pathway inhibited cell differentiation in invertebrates. Thus, we
measured the expression of Hes5, an important effector in the
Fig. 7. Increase in apoptosis in the cerebellum of Lgl1-Pax2 cko mice. The mutant (D–F) cerebellum expressed more TUNEL-positive (green) cells than the wild-type (A–C)
cerebellum. The areas in the dotted lines corresponded to the cerebellar anlage. Anterior to the left. DNA was counterstained using PI (red). The inset in F reveals prominent
localisation of TUNEL-positive cells (green) to the Nestin-positive rosettes (red) in the cerebellum of Lgl1-Pax2 cko mice. Scale bar represents 100 μm.
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Fig. 8. Morphological analysis of PCs and determination of cell loss. (A) Immunostaining was performed on sections of the cerebellum at P9 using the anti-calbindin D28k antibody
(green), and there was a clear reduction in the length of the PC layer in mutant mice (Ab) compared to wild-type mice (Aa). Quantiﬁcation of the length of each lobule and the total
length in the mutant cerebellum revealed a signiﬁcant reduction compared to wild-type cerebellum (Ac) (nPo0.05, nnPo0.01). Impaired dendritic arborisation of PCs in mutants was
observed (Ae). Quantiﬁcation of the length of PC dendrites inwild-type (black) and Lgl1-Pax2 cko mice (grey) (Af). (B) Immunostaining was performed on sections of the cerebellum at
E14 using the anti-Calbindin D28k antibody (green, Ba and Bd) and FOXP2 (green, Bb and Be). There were clear differences in the number and pattern of PCs. The mutants developed
fewer and disorganised PCs in the cerebellar primordium (Bd, Be) compared to the wild-type embryos (Ba, Bb). The number of Calbindin-positive cells was reduced in the mutants
(white arrowheads in Bd). Immunostaining was performed on sections of the cerebellum at E16 using the anti-Calbindin D28k antibody (red). There were still fewer PCs in the mutant
cerebellum (Bf) than in wild-type (Bc) embryos. DAPI (blue) was used to counterstain nuclei. The areas in the dotted lines corresponded to the cerebellar anlage. Anterior to the left.
(Bg) The PC number was calculated per section from thewild-type andmutant embryonic cerebellar primordia at E14. (WT: n¼3; HOMO: n¼3; nPo0.05). (C)Western blot analysis of
the total protein extracts from the cerebellar primordium of wild-type and Lgl1-Pax2 cko embryos at E13.5 using anti-Mash1. (D) Quantiﬁcation of the Western blot results. Data were
normalised against the results of the wild-type. (E) Total RNA was extracted from wild-type and mutant cerebellum at E13.5, and the expression level of Hes5 was analysed via qRT-
PCR. Scale bars represent 100 μm in Ad, Ae, Bc, Bf; 200 μm in Aa, Ab; 50 μm in Ba, Bb, Bd, Be.
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Notch pathway (Ohtsuka et al., 1999). Real-time PCR revealed that
the expression of Hes5 increased 5-fold in the cerebellar primor-
dium of mutant embryos compared to wild type embryos at E13.5
(Fig. 8E). These data implied Lgl1 deletion caused impaired PC
differentiation by inﬂuencing the Notch pathway, and impaired
differentiation might contribute to the loss of PCs, at least in part.
Lgl1 ablation results in dysplasia of cerebellar glial cells
We detected that Lgl1 is highly expressed in the PC layer.
Because Bergmann glia somata are aligned within the PC layer
(Lordkipanidze and Dunaevsky, 2005), we examined whether the
generation of Bergmann glia was altered due to the loss of Lgl1. We
used a GFAP antibody to label glia (Levitt and Rakic, 1980) and
found clear differences in GFAP-expressing cells between mutant
and wild-type mice. In wild-type cerebellum, white-matter glia
(red, arrows in Fig. 9C) and Bergmann glia (red, arrowheads in
Fig. 9A) strongly expressed GFAP at P11. Bergmann glia labelled
with anti-GFAP antibody in frozen sections of the wild-type
cerebellum arranged in the molecular layer in a tight and orderly
manner. However, GFAP staining was weaker in mutant white-
matter glia (arrows in Fig. 9D), and shortened Bergmann glia ﬁbres
were loosely placed in the molecular layer (arrowheads in Fig. 9B)
compared to the wild-type cerebellum (Fig. 9A and C). Western
blot analyses of GFAP expression were performed to estimate glial
growth. Western blot analysis revealed that GFAP expression was
signiﬁcantly down-regulated in the cerebellum of mutant com-
pared to wild type mice (Fig. 9E). Therefore, loss of Lgl1 caused the
maldevelopment of glial cells in the cerebellum of mutant mice.
The effects of Lgl1 deﬁciency on granule cells
Because of the overall smaller size of the cerebellum, the total
number of granule cells was also reduced in the cerebellum of
Lgl1-Pax2 cko mice. To examine the mechanisms underlying the
loss of granule cells in the cerebellum of Lgl1-Pax2 cko mice, we
examined the proliferation, differentiation and migration of
granule cells.
To analyse the dynamic proliferation of the granule cells, BrdU
incorporation assay was performed on the mouse cerebellum at P3
(Fig. 10A and B). We double-stained the cerebellar sections with
anti-BrdU (green) and anti-Ki67 antibodies (red) 30 min after a
single pulse of BrdU injected at P3. Ki67 could be used to label the
outer EGL. BrdU-immunopositive cells were located in the Ki67-
positive area in both the wild-type and mutant mice. The number
of BrdU-positive cells in the outer EGL of the mutant cerebellum
(Fig. 10B) was lower compared to that of wild-type littermates at
P3 (Fig. 10A). The BrdU and Ki67 positive cells in the EGL were
quantiﬁed; the total number of Ki67 positive cells in EGL was also
counted. The cell mitotic rate was estimated from the proportion
of Ki67 positive cells that could be labelled by a 30-min pulse of
BrdU. The cell mitotic rate in mutant EGL was signiﬁcantly lower
than wild type (Fig. 10C). These results indicated that cell pro-
liferation activity was lower in the mutant EGL than that in the
wild-type EGL.
To examine the differentiation of granule cells, we double-
stained the cerebellar sections with anti-BrdU (green) and anti-
Ki67 (red) antibodies 24 h after a single pulse of BrdU injected at
P2. The granule cells that were differentiated from the progenitors
were only labelled by the BrdU antibody and not the Ki67 antibody
(arrows in Fig. 10D and E). The differentiation rate of granule cells
Fig. 9. Effects of Lgl1 ablation on glia generation. (A–D) Sections of wild-type and mutant cerebellum at P11 were stained using the anti-GFAP antibody (red). To show the
structrures better, NeuD (green) was used for conterstaining granule cells. In wild-type mice, GFAP was strongly expressed in white matter glia (arrows in C) and Bergmann
glia (A). Clear differences in the glial cell population or density of Bergmann glia ﬁbres in mutant cerebellum (B and D). The regions were shown in the same lobe and
midsagittal level of WT and HOMO cerebellum. (E) Western blot analysis of GFAP expression in 3 week old mice revealed a slight reduction in mutant cerebellum compared
to wild-type cerebellum. (F) Quantiﬁcation of Western blots via densitometry. Data are normalised against the results of the wild-type mice. nnSigniﬁcantly different from
respective wild-type (Po0.01). Scale bar represents 50 μm.
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Fig. 10. Proliferation and differentiation of granule cells in the cerebellum of Lgl1-Pax2 cko and wild-type mice. (A, B) Immunoﬂuorescence staining of BrdU pulse (30 min) on the
frozen-embedded sections of P3 cerebellum colabeled with Ki67 (red). The cells colabeled with BrdU and Ki67 (yellow) were proliferated from granule progenitors in the outer EGL.
(C) Quantiﬁcation experiments in A and B. The percentage of progenitor cells (Ki67, red) labelled by BrdU (green) was decreased in the mutant mice after 30-min pulse labelling of
BrdU. (WT: n¼6; HOMO: n¼6; nPo0.05). BrdUþ cells in EGL were counted in the same lobe and midsagittal level. (WT: n¼6; HOMO: n¼6; nPo0.05). (D, E) Immunoﬂuorescence
staining of BrdU (green) and Ki67 (red) on the frozen sections of cerebellum 24 h after BrdU injection at P2. Cells (green) only labelled by BrdU not Ki67 were differentiated from
granule progenitors. (F) Quantiﬁcation of the percentage of BrdUþKi67 of total BrdUþ after a 24 hr chase (WT: n¼6; HOMO: n¼6). BrdUþKi67 and BrdUþ cells in EGL were
counted in the same lobe and midsagittal level. (G, H) The expression pattern and the extension of the processes detected using NeuN (green) in the mutant inner EGL of mutant mice
were similar to those of control mice at P3. DAPI (blue) was used to counterstain nuclei. (I) Quantiﬁcation of the percentage of NeuNþ cells of cells in EGL (WT: n¼6; HOMO: n¼6).
NeuNþ and DAPIþ cells in EGL were counted in the same lobe and midsagittal level. Scale bars represent 50 μm.
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was determined by the ratio between the BrdU-positive/Ki67-
negative cells and all BrdU-positive cells. We found the similar
differentiation rate in mutant compared to wild-type mice
(Fig. 10F). Furthermore, we stained the cerebellar sections of P3
with the differentiated neuron marker NeuN (Fig. 10G and H). In
the cerebellum of P3 Lgl1-Pax2 cko mice, the inner EGL exhibited a
similar pattern of NeuN staining compared to wild-type mice. The
ratio of NeuN-positive cells to the cells in EGL was similar in
mutant and wild type (Fig. 10I). These data suggested that the
differentiation of granule precursors was not altered in the
cerebellum of Lgl1-Pax2 cko mice.
The granule cells are the most abundant cells in the cerebellum,
and appropriate migration of granule cells is crucial for IGL
formation. Therefore, we used BrdU (green) and Calbindin D28k
(red) to label granule cells and Purkinje cells respectively, and
determined the migration of granule cells by localising the labelled
cells via immunoﬂuorescence. In wild-type and mutant mice, the
granule cells exhibited similar migration patterns at different time
points. Almost all of the BrdU-labelled cells were detected in the
EGL 24 h after injection (Fig. 11A and D). After 48 h, we observed
that the EGL exhibited a typical migration pattern. Only some cells
remained localised to the EGL, and most of the labelled cells were
located around the PC layer (Fig. 11B and E). The labelled
differentiated cells completely left the EGL and were localised to
the IGL 96 h after labelling (Fig. 11C and F). Taken together, we
concluded that deletion of Lgl1 had no effect on the migration of
granule cells.
To further address the role of Lgl1 during the development of
granule cells, we crossed homozygous Lgl1-ﬂoxed mice with
Math1-Cre transgenic mice, in which Cre is speciﬁcally expressed
in the EGL of the developing cerebellum. The mice in which Lgl1
was deleted in the granule cells exhibited normal motor coopera-
tion and development of the cerebellum, including size, foliation,
GPC proliferation and differentiation (Supplemental 3). These data
implied that Lgl1-speciﬁc deletion in granule cells had no effect on
cerebellar development. However, reduced proliferation of GPCs
was observed in the cerebellum of Lgl1-Pax2 cko mice. As it is
known that the proliferation of GPCs is related to PCs, we
speculated that reduced proliferation of GPCs in the cerebellum
of Lgl1-Pax2 cko mice was likely caused by defective PCs, which
secrete the mitogenic factor Sonic hedgehog to regulate GPC
proliferation.
Discussion
In this study, we investigated the role of Lgl1 in the cerebellum
using a mouse line in which Lgl1 deletion was restricted to cells
located in the cerebellum. In Lgl1-Pax2 cko mice, we observed a
smaller cerebellar size with reduced folia, as well as a decreased
number of PCs and stunted PC dendrites. These phenotypes in the
mutant cerebellum indicate that Lgl1 is critical for cerebellar
development.
Lgl1 is required for PC development
Our results revealed that Lgl1 protein is highly expressed in PC
dendrites (Fig. 1C), which indicated that Lgl1 likely plays an
important role in the development of PCs. PCs act as the sole
output neurons of the cerebellar cortex and are essential to the
motor coordination of the body. Motor dysfunction is frequently
due to altered function of PCs. In our study, immunostaining using
anti-Calbindin D28k was performed on frozen sections of wild-
type and mutant cerebellum at E14 and P9. We found clearly
decreased numbers of PCs and stunted PC dendrites in mutant
mice compared to wild-type mice, which was the most likely
reason for the dysfunction of motor coordination in adult Lgl1-
Pax2 cko mice.
In this study, double-staining of embryonic cerebellum sections
using antibodies against BrdU and PCNA 24 h after a single pulse of
BrdU injected at E13.5 revealed that many neural progenitors
continued dividing and failed to exit cell cycle to differentiate in
the mutants during neurogenesis of the cerebellum, which
resulted in impaired differentiation of progenitors. We supposed
that the decreased number of PCs might be related to the impaired
differentiation of neural progenitors.
During development of the mammalian CNS, neural progeni-
tors serve as the origin of all cell types. They undergo a series of
cellular events to generate various neuron types. During early
development, progenitors continue proliferating to rapidly expand
the progenitor cell pool (Anderson, 2001; Temple, 2001). At a later
stage, neural progenitors undergo asymmetric cell division to
generate one daughter cell that withdraws from the cell cycle
and another daughter cell that retains a stem cell-like state
(Takahashi et al., 1999; Qian et al., 1998, 2000; Shen et al., 2002;
Anderson, 2001; Temple, 2001). During the later stage, some
proneural proteins accumulate to a high level in a number of
progenitor cells, leading to the initiation of a neuronal differentia-
tion pathway. At the same time, via a process of lateral inhibition,
Notch signalling inhibits proneural genes in other cells to keep
them from entering the differentiation pathway (Bertrand et al.,
2002). Hes5 is one of the essential Notch effectors that antagonise
the proneural genes to regulate mammalian neuronal differentia-
tion (Ohtsuka et al., 1999). The regulation of proneural genes is an
important mechanism that maintains a balance between progeni-
tors that enter the differentiation pathway and those which
continue to proliferate. Mash1 is a proneural gene that promotes
an early step of differentiation of neural stem cells, and Mash1 is
expressed by putative PC precursors in the cerebellar primordium
beginning around E12.5 (Guillemot and Joyner, 1993). In the
mutant cerebellum, we detected downregulation of Mash1 and
increased expression of Hes5. These data implied that Lgl1 deletion
caused impaired neural progenitor differentiation by disturbing
Notch signalling, and impaired differentiation might be one reason
for the decreased number of PCs.
There was big decrease in PCs at E14 in mutant, while small
decrease in the adult. This phenotype may be caused by delayed
differentiation of PCs. During the early development of cerebel-
lum, the occurrence of PCs may be strongly inhibited by disturbing
Notch signalling in mutant cerebellar primordium. Many fewer
PCs were observed in mutant than wild type at E14. However, the
inhibition may be reduced and the differentiation of PC can be
proceeded at later stage. As the development of cerebellum, the
number of PCs was gradually increased in mutant, but still fewer
than in wild type.
In addition, to determine whether changes in apoptosis altered
the number of PCs, we evaluated the condition of apoptosis using
TUNEL and counterstaining with Nestin. We observed that more
neural progenitor cells undergo apoptosis before differentiating
into mature neurons in the mutant mice compared to wild-type
mice. This result implied that increased cell death in the embryo-
nic stage might be a second reason for the loss of mature neurons,
including PCs, in the postnatal and adult mutant animals.
It is remarkable that Lgl1-Pax2 cko mice exhibited maldevelop-
ment of PC dendrites. There have been no reports that Lgl1 plays
any role in dendrite growth. In our study, we found stunted
dendrite growth due to Lgl1 loss-of-function. Lgl1 might directly
impact the development of dendrites, although the molecular
mechanism is not clear at present. In addition, the dendritic
abnormalities might be inﬂuenced by indirect mechanisms, as
previous studies have revealed that neurons and glia are criti-
cally interdependent during development of the nervous system
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Fig. 11. Migration of granule cells in the cerebellum of Lgl1-Pax2 cko and wild-type mice. Immunostaining of BrdU (green) was counterstained with Calbindin D 28 K (red) on
frozen sagittal sections of cerebellum. Dividing granule cells in the cerebellum were pulse-labelled at P7 using BrdU (green) and then visualised via BrdU
immunoﬂuorescence staining at the indicated times after injection. Scale bars represent 30 μm.
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(Hatten, 1990; Pfrieger and Barres, 1996; Barres, 1999). Glial
stimulation of dendritic growth has also been demonstrated using
a dissociation cell culture system (Lein et al., 2002). In this study,
Lgl1-Pax2 cko mice exhibited underdeveloped Bergmann glia. We
speculate that the Bergmann glial phenotype might be one reason
for the observed abnormal dendritic morphology.
The effect of Lgl1 deletion on granule cells
Granule cells are the most numerous neurons in the cerebellum
and are essential to cerebellar morphology. In our study, the Lgl1-
Pax2 cko mice developed a smaller cerebellum compared to the
wild-type mice. Our results revealed reduced proliferation of GPCs
but normal migration and differentiation of granule neurons in the
mutant cerebellum (data not shown). Therefore, the smaller size of
the cerebellum in mutant mice likely results from a decrease in
GPC proliferation, at least in part. There are two possible reasons
for the reduction of proliferation of GPCs in the mutant cerebel-
lum. One possible reason is that Lgl1 is directly involved in the
development of granule cells, and the second possibility is that the
abnormal PCs caused a reduction in proliferation of GPCs. There
were some reports that PCs regulate GPC proliferation via secre-
tion of the mitogenic factor Sonic hedgehog (Dahmane and Ruiz-i-
Altaba, 1999; Wechsler-Reya and Scott, 1999). To clarify this issue,
we generated another mouse line in which Lgl1 was speciﬁcally
deleted in granule cells by crossing Math1-Cre mice with Lgl1(ﬂox/
ﬂox) mice. In Math1-Cre mice, Cre recombinase was expressed as
early as E12.5 in granule GPCs that produce granule cells. There
was no difference in cerebellar morphology or the number of
granule cells of mutant mice compared to wild-type mice. These
ﬁndings suggested that the reduction in proliferation of GPCs in
Lgl1-Pax2 cko mice likely arose from defective PCs, as the pro-
liferation of GPCs is dependent on PCs.
Lgl1 and the formation of cerebellar folia
Different mechanisms have been proposed regarding cerebellar
foliation (Altman and Bayer, 1997; Mares and Lodin, 1970; Sudarov
and Joyner, 2007), but the precise mechanism which mediates the
formation of folia remains unclear. It is known that some mice or
rats in which the granule cell population is decreased develop
smaller cerebella with reduced foliation (Aruga et al., 1998;
Doughty et al., 1998; Dussault et al., 1998), which suggested that
the proliferation of GPCs might be related to cerebellar growth and
foliation. In our study, reduced proliferation of GPCs in Lgl1-pax2
cko mice, caused by the decreased number of PCs, might be a
reason for the defective folia. Because it has been suggested that
PCs are responsible for anchoring the base of the major ﬁssures
(Altman and Bayer, 1997), there may not have been enough PCs to
form anchoring centres in the mutant cerebellum. Thus, the
decreased number of PCs in mutant mice is suggested as one
reason for the reduced formation of folia. In addition, it has been
reported that PCs are critical for cerebellar foliation by anchoring
the outline of the cortex via their axons projecting to the under-
lying white matter at positions that deﬁne the base of the ﬁssures
(Altman and Bayer, 1997). We found that PC axons anchoring in
the white matter was clearly weakened in mutants, which might
contribute to abnormal formation of ﬁssures. In summary, we
speculate that the deﬁcient folia pattern in the mutant mice might
primarily result from defective PCs. The mechanisms of cerebellar
foliation remain to be further elucidated.
Lgl1 and tumourigenesis
Lgll was found to be a tumour suppressor protein in ﬂies (Lee et
al., 2006). However, it remains to be a determined whether Lgl1
participates in carcinogenesis in higher eukaryotes. In a previous
study, loss of Lgl1 in mice caused defects in cell polarity, and
Lgl1 / neural progenitors display hyperproliferation, which led
to the formation of neuroblastic rosette-like structures resembling
primitive neuroectodermal tumours (Klezovitch et al., 2004).
Klezovitch et al. (2004) suggested that disruption of cell polarity
may play a causative role in the initial stages of some CNS
neoplasias. However, it was not analysed whether Lgl1 / neural
progenitors displayed transformed features only during the active
cell proliferation that occurs during neurogenesis due to the
neonatal lethality of Lgl1 / mice. In our study, we generated
surviving Lgl1-Pax2 cko mouse, which provided an opportunity to
study Lgl1 function during the entire process of neurogenesis from
the embryo to the adult. We found that deletion of Lgl1 in the
cerebellar primordium caused loss of cell polarity and formation of
rosette-like structures only during early neurogenesis, as men-
tioned previously. The mutants exhibited smaller cerebellar size
with reduced lobules in the adult cerebellum, but there was no
tumourigenesis detected in the cerebellum. We speculate that
ablation of Lgl1 alone may not be sufﬁcient for cancer develop-
ment. Tumourigenesis is characterised by cells undergoing uncon-
trolled cell division. Loss of Lgl1 in the cerebellum led to the
expansion of a population of undifferentiated cells during neuro-
genesis, but it did not result in tumour formation at the adult
stage. At the same time, Lgl1 deletion also results in activation of
apoptotic cell death in the mutant cerebellum. These events
occurring in the mutants might prevent tumourigenesis. The
Lgl1-Pax2 cko mice provided an ideal model to examine the roles
that Lgl1 plays in tumourigenesis.
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